Three different sensitive and accurate spectroscopic procedures were developed for the determination of three angiotensin-converting enzyme inhibitors, namely, ramipril, enalapril maleate and fosinopril. The first two spectrophotometric (extractive and non-extractive) procedures were based on ternary complex formation with molybdenum(V) thiocyanate. The formed complex can be determined by extraction with chloroform measured at l l max 517 nm Beer's law was obeyed in the concentration range from (10-90 m mg ml , respectively. The third procedure is atomic absorption measurement through the quantitative determination of molybdenum content of the complex. These methods hold their accuracy and precision well when applied to the determination of ramipril, enalapril maleate and fosinopril in their dosage forms.
The official drugs, ramipril: 4-[2-(1-ethoxycarbonyl-3-phenyl-propyl)aminopropionyl]-4-aza bicyclo [3.3 .0]octane-3-carboxylic acid and enalapril maleate: 1-[2-(1-ethoxycarbonyl-3-phenyl-propyl)aminopropionyl]pyrrolidine-2-carboxylic acid and the non official fosinopril: 4-cyclohexyl-1-[2-[(2-methyl-1-propanoyloxy-propoxy)-(4-phenylbutyl)-phosphoryl]acetyl]-pyrrolidine-2-carboxylic acid are antihypertensive agents which their metabolites are active inhibitors of angiotensin-converting enzyme (ACE); inhibition of ACE results in decreased plasma angiotensin II which leads to decreased vasopressor activity. 1) Ramipril and enalapril maleate are official in B.P. 2) and enalapril maleate is official in USP 24, 3) while fosinopril is unofficial in any pharmacopoeia.
Various analytical methods have been reported for the assay of the cited drugs in their pure forms as well as in pharmaceutical formulations. They include for ramipril, a kinetic spectrophotometry, 4) spectrophotometry and atomic absorption, 5) fluorimetry, 6) HPLC, 7) bioavailability assessment of nanoemulsion, 8) reversed-phase HPLC, 9) and liquid chromatography-mass spectrometry. 10) For enalapril, spectrophotometry using chelate formation with palladium(II) chloride, 11) spectrophotometry in the presence of its photo degradation products, 12) quantitative 1 H-NMR spectroscopy, 13) second-derivative ultraviolet spectrophotometry, 14) HPLC in the presence of the major active metabolite enalaprilate, 15) linear regression analysis and its application to multivariate chromatographic calibration, 16) HPTLC, 17) radio-immunoassay, 18) potentiometric titration 19) and differential pulse polarography (DPP). 20) For fosinopril with H 2 -receptor antagonists by derivative spectroscopy, 21) UV and third derivative spectrophotometry, 22) microemulsion liquid chromatography, 23) HPLC in the presence of its degradation product fosinoprilate, 24) TLC procedures 25) and reversed-phase ion-pair liquid chromatography. 26) Several colorimetric methods for determination of some drugs in pharmaceutical preparations using molybdenum (V) (Mo(V)) thiocyanate reagent forming ion-pair complex were reported such as; chloroquine and pyrimethamine, 27) ampicillin, dicloxacillin, flucloxacillin and amoxacillin, 28) some piperazine derivatives, 29) trazodone, amineptine and amitriptyline hydrochloride, 30) metoclopramide and oxybuprocaine, 31) and some H 1 -antihistaminics. 32) Although the chromatographic methods are sensitive enough, they are expensive and not easily manageable. On the other hand; spectrophotometry is still the technique of Ϫ1 of ramipril, fosinopril and 0.5 mg ml Ϫ1 enalapril maleate solution in distilled water.
Atomic absorption method (AAS): 0.18 mg ml Ϫ1 ramipril, 0.19 mg ml
Ϫ1
enalapril maleate and 0.16 mg ml Ϫ1 fosinopril solution in distilled water. Ammonium molybdate: prepared as 1ϫ10 Ϫ3 M in distilled water solution. Ammonium thiocyanate: prepared as 10% (w/v) solution in distilled water. Ascorbic acid solution: prepared as 10% (w/v) solution in distilled water. Benzalkonium chloride: prepared as 5% (w/v) solution in distilled water. General Procedures. Spectrophotometric Method Extractive Method: Into 50 ml separating funnels, 5 ml of 1ϫ10 Ϫ3 M ammonium molybdate solution, 2 ml of 3 M HCl, 1 ml 10% ascorbic acid solution and 4 ml of 10% ammonium thiocyanate solution were transferred. Left for 15 min, till formation of Mo(V)-thiocyanate (SCN) complex, varying aliquots of the standard ramipril, enalapril maleate and fosinopril solutions containing (0.25-2.25 mg), (0.1-0.9 mg) and (0.25-2.25 mg) respectively were added. The reaction was left for 10 min. The aqueous solution was extracted with 2ϫ10 ml portions of chloroform, shacked for 1 min and the extract was transferred into 25 ml volumetric flasks after drying over anhydrous sodium sulphate, the volume was completed to 25 ml with chloroform and the absorbance measured at the convenient l max 517 nm against a blank solution omitting the drugs.
Non-extractive Procedure: Appropriate volumes of the standard solution containing (0.2-1.8 mg), (0.075-0.675 mg) and (0.2-1.8 mg) of ramipril, enalapril maleate and fosinopril, respectively, 5 ml of 1ϫ10 Ϫ3 M ammonium molybdate solution, 2 ml 3 M HCl, 1 ml 10% ascorbic acid solution and 4 ml of 10% ammonium thiocyanate were added in heating tubes. Left for 15 min until complete formation of Mo(V)-SCN complex, 3 ml of 5% benzalkonium chloride was added, the mixture was homogenized by shaking, immersed in a water bath at 50°C for 30 min, then cooled to room temperature. The mixture was transferred into a 25 ml volumetric flask then diluted to volume with distilled water and the absorbance was measured at l max 545 nm against a blank.
Atomic Absorption Method (AAS) Variable volumes ranging from 0.25-2.25 ml (pure drugs AAS method) of ramipril, enalapril maleate and fosinopril were treated as mentioned under extractive procedure until the volume was completed to 25 ml with chloroform. The collected chloroformic extract was evaporated to dryness, the residue was dissolved in 1 ml conc. HCl and the volume was completed with distilled water to 25 ml in a volumetric flask. A blank (omitting addition of the drugs) was performed and the absorbance was measured by atomic absorption using the following conditions: analysis wavelength, 313.3 nm; lamp current, 7 mA; slit width, 0.2 nm; work head height, 15 mm; burner slot/flame, 5 cm (air-C 2 H 2 ); supporting gas flow, air acetylene; fuel gas flow, 2 l/min; absorption sensitivity, 0.11 ppm; air pressure, 10 l min Ϫ1 ; atomizing temperature, 1700°C. The concentration of the consumed molybdenum was calculated from a calibration graph of standard ammonium molybdate solution.
For Pharmaceutical Preparation Twenty tablets were weighed and finely powdered, the quantity of the powdered tablets of each drug equivalent to the concentration taken in the pure drug was transferred and dissolved in distilled water. The assays for ramipril, enalapril maleate and fosinopril were done as described under general procedures applying the standard addition technique. The amount of drug was calculated either from the calibration graph or the regression equation.
Results and Discussion
Ternary complexes of the general formula (L N M X S Y ) have been widely used in spectrophotometric analysis. [33] [34] [35] [36] [37] The complex is extractable with organic solvents, such as hydrocarbons and their halogenated derivatives with higher values of molar extinction coefficient than the binary complexes; in respect to this paper the main ligand L is the investigated drug , the second ligand S is SCN Ϫ and M is Mo. The main object of this work focused on the fact that an ion-pairs is formed between the secondary amine group of both ramipril and enalapril and the tertiary amine group of fosinopril and molybdenum(V)-thiocyanate binary complex through the protonated nitrogen atom of these drugs.
31) The reduction probability of Mo(VI) may occur by ascorbic acid or SCN Ϫ in acidic media 31) and react with thiocyanate to form a red binary Mo(V)-SCN Ϫ complex, non extractable with chloroform.
It was also found that the sensitivity and stability of the molybdenum(V)-thiocyanate ion-pair binary complex is enhanced by using ascorbic acid. Ascorbic acid gives reproducible values and masks many interfering ions. 38) On addition of the cited drugs, an orange red complex was formed, which is extractable with chloroform. The cited drugs were determined by three different techniques (extractable, non extractable and atomic absorption). The optimal conditions for each of the above procedures were carefully studied as follows.
Optimization of Reaction Conditions The formation of ternary complex was confirmed by studying the absorption curves for the three drugs (lower than 200 nm in ethanol) and the formed ternary complex (drug-Mo(V)-SCN) with l max 517 nm in chloroform, while the binary complex of Mo(V)-SCN is not extractable in chloroform and so it dos not interfere with the formed complex (Fig. 1) .
In the non-extractive method the formed binary complex of Mo(V)-SCN in distilled water was measured at l max 465 nm, while the ternary complex of the three drugs was measured at l max 545 nm (Fig. 2) .
The effect of different variables of the reagent concentration, reaction time, solvent of extraction, and stability has been studied.
Extractive Method Five milliliters of ammonium molybdate and 4 ml of ammonium thiocyanate maximize the color intensity. The maximum absorption of the ternary complex was observed after 10 min and it was found to be stable more than 24 h.
Chloroform, methylene chloride, toluene and benzene were tried, chloroform gave the highest color intensity.
Two milliliters of 3 M HCl and 1 ml of 10% ascorbic acid were sufficient to give maximum color absorpitivity.
Non-extractive Method To avoid the extraction problem and to increase sensitivity of the method, many surfactants were examined; sodium lauryl sulphate, methylcellulose, benzalkonium chloride, tween 40, myrj and brij, the results obtained rivaled the maximum color observed in the presence of 3 ml of benzalkonium chloride.
Other factors including the reagent volumes used in the extractive method are the same, the only difference is heating the reaction mixture at 50°C for 20 min to enhance the formation of the ternary complex.
Atomic Absorption Method (AAS) The effect of reagents, time, order of additions and solvents which give maximum sensitivity were found the same as the extractive procedure.
The organic solvent of the ternary complex in the atomic absorption spectrometer and the high chlorine/carbon ratio would lead to the formation of a large quantity of HCl in the flame which would damage the instrument. 39, 40) To avoid this, the formed complex was extracted with organic solvent, the solvent was evaporated to dryness then the residue was dissolved in HCl and diluted with distilled water.
Stoichiometry of the Reaction To study the stoichiometry of the reaction, the molar ratio between Mo(V) and each of the investigated drug in equimolar solutions and in the presence of an excess amount of ammonium thiocyanate was determined using job's method. 41) It was found that the ratio was 1 : 1 for the three drugs when using an enalapril base as shown in the proposed Chart 1, but when enalapril used as maleate the ratio was 1 : 2 (Figs. 3, 4) .
Linearity and Quantification. Extractive Method A linear relationship was obtained for the absorbance of Mo(V)-SCN with the cited drugs in the concentration ranges of (10-90 mg ml Ϫ1 ), (4-36 mg ml Ϫ1 ) and (10-90 mg ml Ϫ1 ) for ramipril, enalapril maleate and fosinopril, respectively.
Non-extractive Method A linear relationship was obtained over concentration ranges of (8-72 mg ml Ϫ1 ), (3-27 mg ml
Ϫ1
) and (8-72 mg ml Ϫ1 ) for ramipril, enalapril maleate and fosinopril, respectively.
Under the optimized condition, the optical and statistical parameters for the proposed methods are summarized in Table 1 . The molar absorptivity, Sandell's sensitivity, correlation coefficients, slopes and intercepts were listed.
The good linearity of the calibration graph and the negligible scatter of the experimental points were clearly evident from the value of the correlation coefficient and variance. The proposed methods were successfully applied for the determination of pure drugs. Performance of the proposed was assessed by comparing the calculated t and F values with the reference method (A max . UV spectra in methanol). The results showed that the t and F values were less than the tabulated ones indicating that there was no significant difference between the proposed and reference method, Table 2 .
Tablets containing ramipril, enalapril maleate and fosinopril were analyzed by the proposed methods applying the standard addition technique. The obtained results compared with the reference method and statistical analysis of the results showed that there is no interference from the common additives and excipients, indicating a high selectivity for determining the studied drugs in their dosage forms, Table 3 .
Atomic Absorption Method (AAS)
The sensitivity of the method is increased by using atomic absorption measurements; a linear relationship was obtained in the concentration ranges of (1.8-16.2 mg ml Ϫ1 ), (1.9-17.1 mg ml
Ϫ1
) and (1.6-14.4 mg ml
) for ramipril, enalapril maleate and fosinopril respectively, according to the molar ratio of their respective complexes, it was found that, 0.91 mg ml Ϫ1 Moϭ 9 mg ml Ϫ1 ramipril, 0.81 mg ml Ϫ1 Moϭ9.5 mg ml Ϫ1 enalapril maleate and 0.59 mg ml Ϫ1 Moϭ8 mg ml Ϫ1 fosinopril. The method was successfully applied for the determination of both pure form and the pharmaceutical preparation containing the selected drugs. Statistical analyses of the data revealed that there was no significant difference between the AAS method and the reference method, and moreover the AAS method is more highly sensitive than the spectrophotometric methods, Tables 4, 5.
Sensitivity The detection limit (LOD) for the two spectrophotometric methods (extractive and non-extractive) method was calculated using the following equation. 42) LODϭ3S/K where S is the standard deviation of the replicate determina- tion values under the same conditions as for the sample analysis in the absence of analyte and K is the sensitivity, namely, the slope of the calibration graph. In accordance with the formula, the detection limits obtained for the absorbance were calculated and listed in Table 1 . The limit of quantification, LOQ is defined as 42) LOQϭ10S/K According to this equation, the limits of quantification were calculated and are listed in Table 1 . Precision and Accuracy Precision and accuracy studies of the proposed methods were done by carrying out five independent determinations at three concentration levels. The small RSD% and SAE indicate excellent precision and accuracy, Table 6 .
As an additional confirmation of accuracy and precision, recovery experiments were performed by adding known amount of the pure drugs to the preanalyzed dosage forms. No interference from the common excipients was observed in the results.
Conclusion
The described methods are based on the formation of an ion-pair ternary complex between the cited drugs and molybdenum(V)-thiocyanate. The methods can use both spectrophotometric and AAS techniques for the final measurement step. Moreover, the simplicity and convenience at low cost as well as the reproducibility, accuracy and sensitivity of the quantitation procedure are superior to those obtained from the official titrimetric method 2) and other spectrophotometric methods. 11, 43) The commonly used additives such as starch, silicon dioxide, magnesium stearate, glucose and talc do not interfere with the assay procedure. Therefore, the methods are useful for routine analytical and quality control assay of the investigated drugs. 
